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Purprosk. To investigate the human disease due to CRBI muta-
tions and compare results with the CrbI-mutant 7d8 mouse.

MetHODS. Twenty-two patients with CRBI mutations were
studied. Function was assessed with perimetry and electroreti-
nography (ERG) and retinal structure with optical coherence
tomography (OCT). Cortical structure and function were quan-
tified with magnetic resonance imaging (MRI). Rd8 mice un-
derwent ERG, OCT, and retinal histopathology.

ResuLts. Visual acuities ranged from 20/25 to light percep-
tion. Rod ERGs were not detectable; small cone signals were
recordable. By perimetry, small central visual islands were
separated by midperipheral scotomas from far temporal pe-
ripheral islands. The central islands were cone mediated,
whereas the peripheral islands retained some rod function.
With OCT, there were small foveal islands of thinned outer
nuclear layer (ONL) surrounded by thick delaminated retina
with intraretinal hyperreflective lesions. MRI showed struc-
turally normal optic nerves and only subtle changes to oc-
cipital lobe white and gray matter. Functional MRI indicated
that whole-brain responses from patients were of reduced
amplitude and spatial extent compared with those of normal
controls. Rd8 mice had essentially normal ERGs; OCT and
histopathology showed patchy retinal disorganization with
pseudorosettes more pronounced in ventral than in dorsal
retina. Photoreceptor degeneration was associated with dys-
plastic regions.

Concrusions. CRB1 mutations lead to early-onset severe loss of
vision with thickened, disorganized, nonseeing retina. Im-
paired peripheral vision can persist in late disease stages. Rd8
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mice also have a disorganized retina, but there is sufficient
photoreceptor integrity to produce largely normal retinal func-
tion. Differences between human and mouse diseases will com-
plicate proof-of-concept studies intended to advance treatment
initiatives. (Invest Opbthalmol Vis Sci. 2011;52:6898 - 6910) DOL:
10.1167/iovs.11-7701

here has been longstanding scientific interest in Crumbs

proteins, originating from discoveries in Drosophila; in
mammals, there are several homologues of Crumbs (reviewed
in Ref. 1). CRB1 is thought to be expressed in Miiller glial (MG)
cells and localizes at a subapical region near intercellular ad-
herens junctions between photoreceptors and MG cells at the
outer limiting membrane (OLM). Mutations in the CRB1 gene
cause an autosomal recessive early-onset retinal degeneration
characterized by abnormal retinal organization and severe vi-
sual loss.>”” Results to date in patients with CRBI-associated
retinal degenerations (CRBI-RD), taken together with findings
in experimental animals, support the conjecture that CRBI
mutations result in retinal maldevelopment and progressive
degeneration.>® There is also experimental evidence support-
ing a role for CRBI in the maintenance of photoreceptor
integrity.®*

Major progress was made recently when gene replacement
therapy for another recessive early-onset retinal degeneration,
the RPEG5 form of Leber congenital amaurosis (LCA), was
shown to be safe and efficacious in early-phase clinical trials
(reviewed in Ref. 10). One of the important challenges facing
the field of retinal degenerations is how to expand the recent
gene therapy success in RPEG5-LCA to dozens of other molec-
ular forms of retinitis pigmentosa (RP) and LCA with different
pathophysiological mechanisms. It remains unclear whether
CRBI-RD patients are candidates for such emerging therapies.
In this work we used psychophysics, retinal imaging, and
cortical imaging to increase understanding of the disease ef-
fects associated with CRBI-RD, with the ultimate goal of as-
sessing the relevance of treatment strategies to this group of
patients. In addition, we made a side-by-side comparison of the
human retinopathy with that of the retinal disease in the rd8
mouse, a naturally occurring Crb1 mutant. The results of this
comparison are a key issue for proof-of-concept studies.

MATERIALS AND METHODS

Human Subjects

The study included 22 patients with CRBI mutations (Table 1). Insti-
tutional review board approval and informed consent were obtained
before the study, and the procedures adhered to the tenets of the
Declaration of Helsinki.
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Visual Function

Patients underwent a complete eye examination, electroretinography
(ERG), and Goldmann kinetic visual field testing. Static computerized
perimetry was performed with 1.7° diameter, 200-ms duration stimuli
under dark-adapted (500- and 650-nm stimuli) and light-adapted (600
nm) conditions. A full-field test of 72 loci on a 12° grid and a horizontal
profile across the fovea (extending 60° at 2° intervals) were used.
Photoreceptor mediation was determined by the sensitivity difference
between detection of the 500- and 650-nm stimuli."' Rod sensitivity
loss (500 nm, dark-adapted) at each test locus was calculated by
comparison with normal mean sensitivity at that location. Loci were
considered to have no measurable rod sensitivity if loss was >30 dB."?
Cone-mediated function from dark-adapted perimetry was compared
with normal results measured during the cone plateau of dark adapta-
tion. Techniques, methods of data analysis, and normal results for ERGs
and perimetry have been published.'!!3-14

Optical Coherence Tomography

Retinal cross sections were obtained with OCT. Most data collection
used a spectral-domain (SD) OCT system (RTVue-100; Optovue Inc.,
Fremont, CA); a minority of patients were examined with earlier OCT
instruments (OCT1 and OCT3; Carl Zeiss Meditec, Dublin, CA). Post-
acquisition processing of OCT data was performed with custom pro-
grams (MatLab 6.5; MathWorks, Natick, MA). For topographic analysis,
the precise location and orientation of each scan relative to retinal
features (blood vessels, optic nerve head) were determined using video
images of the fundus. Longitudinal reflectivity profiles (LRPs) were
allotted to regularly spaced bins in a rectangular coordinate system
centered at the fovea; the waveforms in each bin were aligned and
averaged. For two-dimensional maps, 0.3X0.3-mm bins were used for
sampling whereas 0.15-mm bins were used for analysis along the
vertical meridian. Missing data were interpolated bilinearly; thickness
values were mapped to a pseudocolor scale; and fundus landmarks
were overlaid for reference. Our recording and analysis techniques
have been published.>'>"'® Cross-sectional images were also com-
pared with en face infrared images to determine the relationship of
intraretinal hyperreflective OCT lesions to pigmentary lesions on fun-
duscopy. In a subset of patients, OCT 3D macular raster scans (Opt-
ovue) were reconstructed in an en face view to examine for pigmen-
tary changes. Raster scans containing pigmentary changes were
registered with 30-degree infrared reflectance images to determine the
relation between the reflective properties and the location of the
pigment.

Magnetic Resonance Imaging

A 3.0-Tesla MRI system (Trio; Siemens Healthcare, Washington, DC)
and an eight-channel head coil were used for MRI acquisition. The
intraorbital optic nerve diameter was assessed by direct measurement
of the interpial diameter of the optic nerve on high-resolution (0.375 X
0.375 X 2.2 mm), T2-weighted anatomic images. Voxel-based mor-
phometry'® was performed on the log Jacobian measure obtained after
diffeomorphic warping®° of the T1-weighted, MPRAGE (1 mm isotro-
pic) images of patients and a group of normal subjects to a represen-
tative brain image. The average deformation score was also obtained
for normal subjects and patients from within a region of interest
defined within occipital lobe white matter. Cortical gray matter thick-
ness was assessed using FreeSurfer (http://surfer.nmr.mgh. harvard.
edu/; Athinoula A. Martinos Center for Biomedical Imaging, Charles-
town, MA) within a V1 region of interest defined by cortical surface
topology.?! Functional neural response to light stimulation was mea-
sured using BOLD echoplanar images (3 X 3 X 3-mm resolution over
30 slices at TR of 3 seconds) during two 7-minute scans. A white
rectangular screen (subtending 27° X 18°) of uniform luminance and
flickering at 5 Hz was presented for 30-second periods, alternated with
30-second periods of darkness. The maximum screen luminance was
3.75 log cd - m ™ ?%; a 1-log unit neutral density filter was placed in the
light pathway for controls for comfort. Stimulus-induced changes in
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the BOLD signal were modeled as a boxcar covariate, convolved with
a population hemodynamic response function.?” The percentage signal
change associated with a level of visual stimulation (derived from the
beta value-modeling BOLD signal change relative to the intercept term)
was obtained for each voxel for each scan, and the average signal
change across population calculated for each voxel in standard space.
The absence of map-wise differences in hemispheric response allowed
us to collapse the data from the two hemispheres to create a single
pseudohemisphere. A region of interest was defined in standard space
to include all posterior visual areas (both primary and association
cortices), and the cortical volume that demonstrated a strong response
to visual stimulation (>2% signal change) was identified.

Animals

RAS8 (Crb1™*®) mice on a C57BL/6 background were obtained from The
Jackson Laboratory (Bar Harbor, ME) and a colony of mice established.
C57BL/6 wild-type (WT) mice served as controls. Animals were raised
from birth in 12-hour-on/12-hour-off cyclic lighting (ambient illumina-
tion, <3 lux). Access to food and water was ad libitum. Procedures
were conducted according to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research and with approval from
the Institutional Animal Care and Use Committee of the University
of Pennsylvania.

Electroretinography

Full-field ERGs were recorded as previously described.?® The animals
were anesthetized (ketamine HCI, 65 mg/kg and xylazine, 5 mg/kg)
and the pupils dilated (tropicamide, 1%, and phenylephrine, 2.5%).
ERG stimuli included increasing intensities of blue-light flashes (—4.2
to +0.1 log scot cd * s - m ™2, 0.3-0.5-log unit steps) in the dark-adapted
state (12 hours), white flashes of 0.4 log cd - s m ™%, on a 25-cd - m ™2
white background, and 15-Hz flicker of 0.4 log cd*s*m *ona 6 cd*
m~? background. Dark-adapted b-wave amplitudes were fit with a
Naka-Rushton function'>2 to obtain estimates of maximum amplitude
(Vima) and semisaturation intensity (log K). Differences between WT
(n = 37) and rd8 (n = 26) mice were assessed for six ERG parameters
in three age-matched groups, by means of #-tests corrected for multiple
comparisons (¢ = 0.95). In a subset of the mice (n = 12 for rd8; n =
8 for WT), S- and M-opsin-mediated cone function was compared by
using a pair of responses to ultraviolet (UV) and green stimuli pre-
sented in the light-adapted state (40 cd - m™~* white background), as
previously described.?>° In short, green flashes were produced by an
LED source (510-nm peak, 0.87-log cd s * m ™2, 4-ms duration) and UV
flashes were obtained from a filtered xenon source (360 nm peak). The
intensity of the UV flash was chosen to produce responses matched in
waveform to those elicited with the green flash in the WT mice. Both
stimuli were presented in a ganzfeld lined with aluminum foil.*”

Histology

The eyes were fixed immediately after enucleation in 2.5% glutaralde-
hyde and 2% paraformaldehyde in phosphate-buffered saline at room
temperature for at least 24 hours, dehydrated with graded ethanol, and
embedded in paraffin. Complete sectioning of whole eyes was per-
formed through the vertical meridian from nasal to temporal. Sections
(5-um thickness) were collected at regular intervals from ~24 sites per
eye, stained with hematoxylin and eosin, and photographed with an
inverted microscope (Eclipse Ti-E; Nikon, Tokyo, Japan). Image-pro-
cessing software (Photoshop 6.0; Adobe Systems, San Jose, CA) was
used. Measurements of thickness of inner and outer segment layers
(IS+0S) were made by outlining the OLM and RPE boundaries and
measuring the distance between them at regular intervals over a
400-um length. These measures were averaged to get the mean IS+0OS
thickness within the region imaged. Distances were quantified using
linear distance-measuring software (Engauge digitizer, ver. 4.1; http://
digitizer.sourceforge.net/ open source from Geeknet, Fairfax, VA) and
a calibration target (Graticules, Ltd., Tonbridge, UK). Within a section,
two adjacent regions were selected from the inferior (ventral) hemi-
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sphere; in 7d8 eyes, one region was chosen to show dysplastic retina
(at least two pseudorosettes per region), and the other showed no
evident dysplasia.

Optical Coherence Tomography

Retinal cross-sections in WT and rd8 mice were acquired with a 3.2
um resolution SD-OCT system (Bioptigen, Inc., Durham, NC). Mice
were anesthetized and the pupils dilated by the methods used for ERG
(see above). Corneas were lubricated frequently during the imaging
session (Systane Ultra ophthalmic lubricant; Alcon Ltd., Fort Worth,
TX). Using the fast fundus mode (200 raster scans of 200 LRPs each),
we first centered the location of the optic nerve head (ONH) within a
1.6 X 1.6-mm field of view by rotating the cassette that holds the
animal. High-resolution (40 parallel raster scans of 1000 LRPs each
repeated four times) scans were acquired along the horizontal (nasal-
temporal) and vertical (dorsal-ventral) axes. The eyes were then repo-
sitioned for further scanning by placing the ONH near the top or
bottom center of the view. High-resolution scans were repeated at
these locations, for a total coverage of 3.2 mm. Each LRP had 1024
samples representing 1160 um of retinal depth along the z-axis.
Postacquisition processing of OCT data was performed with com-
mercial software (InVivoVue Clinic software; Bioptigen, Inc., and cus-
tom programs written in MATLAB 6.5; MathWorks, Natick, MA). Four
repetitions of the high-resolution scans were averaged using the man-
ufacturer’s software. Vertical scans obtained superior and inferior to
the center of the ONH were merged by custom programs. The LRPs of
the merged OCT images were aligned by manually straightening the
RPE reflection which was defined as the second hyperreflective band
from the sclerad side.”® Measurements of retinal thickness were per-
formed between the vitreoretinal interface and the RPE peak.

Statistical Analysis

Human fMRI data comparisons were based on the one-tailed rtest.
Mouse photoreceptor IS+OS thickness differences from histologic
sections were evaluated with repeated-measures analyses of variance
(ANOVA), including genotype (WT vs. rd8), age, and local retinal
organization (dysplasia versus nondysplasia) as factors.

RESULTS

The 22 patients (ages 7 months to 48 years at first visit) with
CRB1 mutations were from 19 unrelated families (Table 1).
Most patients had been diagnosed as having LCA or early-onset
retinal degeneration; patient (P)7, P13, P19, and P21 were
diagnosed with RP. Hypermetropia was a common clinical
finding (all 20 phakic patients). Coats disease was present in
three patients (P5, P9, and P22), and there was keratoconus in
two patients (P16 and P22). Fundus features included clumped
and bone-spicule-like pigment, white and yellow lesions, and
pigmentary changes in the macula (Table 1); PPRPE (preserved
para-arteriole retinal pigment epithelium) was noted in two
patients (P4 and PO6).

Visual Function in CRBI-RD

CRBI1-RD patients had visual acuities that ranged from 20/30 to
LP; more than half of the patients in this cohort (13/21; 62%)
had visual acuity of 20/100 or worse (Table 1). There was
severe retina-wide dysfunction by ERG and perimetry. ERGs
were detectable in 14 (67%) of 21 of the patients examined.
There were no measurable rod b-waves but there were small
cone-mediated signals (Table 1). Among the patients with mea-
surable kinetic visual fields, a common pattern was a small,
central island of vision separated from a peripheral temporal
island by a complete annular midperipheral scotoma; some
patients had only peripheral temporal islands as their remnant
of vision.

CRBI Retinopathy 6901

Visual field abnormalities are illustrated in three represen-
tative patients (Fig. 1). P4 at age 14 showed a central island and
a temporal peripheral island in response to the largest target
(V-4e); perception of the small target (I-4e) was limited to the
central few degrees. P8 at age 19 had a smaller central island,
but there remained a large temporal island of function. P12 at
age 28 had a very limited central island near fixation and a
temporal field island (Fig. 1A). Rod and cone sensitivity losses
across the visual field were mapped for these three patients
(Fig. 1B). Consistent with the nondetectable rod ERGs in these
and other CRBI-RD patients, the three patients lacked measur-
able rod function psychophysically across most of the visual
field, except for small temporal peripheral islands in each case.
Cone sensitivity loss maps show residual but impaired central
and temporal peripheral cone islands. P12 has only a central
island of cone function detectable. To define in more detail
central rod- and cone-mediated function at relatively early dis-
ease stages, we measured dark-adapted sensitivity profiles with
chromatic stimuli (500 and 650 nm) along the horizontal me-
ridian (central 60°) in the same three patients (Fig. 1C) as well
as in seven others (ages, 12-29 years). Even at the youngest
ages examined with these stimuli (12 and 13 years), central
visual function was abnormal. There was mainly cone-medi-
ated detection of centrally presented stimuli; rod-mediated
vision could be measured in loci around fixation in only three
patients in the second decade of life and was reduced by at
least ~2 log units. Normal cone sensitivity was measurable at
the most central locations in a minority of patients; most
patients had central islands of cone function, with sensitivity
losses ranging from 0.5 to 2.5 log units.

Longitudinal data in P7 for an 11-year period (Fig. 2) pro-
vided a view of the progression of the disease to the stage with
only central and peripheral islands. At age 13, kinetic visual
fields with the V-4e target were relatively full in extent except
for a scotoma in the inferior nasal field; the I-4e target was
perceived only in the central field (Fig. 2A). From ages 15 to 24
years, there was progression of field loss from an incomplete
absolute midperipheral scotoma (age 15) to a complete annular
scotoma separating a central island from a temporal peripheral
island (age 24). Maps of rod and cone sensitivity losses across
the visual field (Fig. 2B) or as horizontal sensitivity profiles (Fig.
2C) also demonstrated progression. At age 13, there was a large
midperipheral rod and cone scotoma that reached the nasal
periphery and surrounded a small central island of reduced rod
function but better cone function (Fig. 2B). By age 24, there
was only a small island of abnormally reduced cone function
with a retained temporal island of reduced (by at least 1.5 log
unit) but detectable rod and cone function. Profiles of central
visual function across the horizontal meridian (Fig. 2C) indicate
that there was severely reduced but detectable extracentral rod
function at age 13 (Fig. 2C, top); cone function had near
normal sensitivity at fixation (Fig. 2C, bottom). Over the ensu-
ing 11 years, rod function became undetectable and cone
function progressively decreased in extent and sensitivity. P15
had longitudinal results spanning a 22-year interval (27-49
years). Perimetric results at age 27 were similar to those of P7
at age 15 but when seen again at age 49, the patient had only
hand motions vision, and there was no detection of stimuli in
kinetic or static perimetry.

Retinal and Visual Brain Structure in CRBI-RD

Maps of retinal thickness topography derived from OCT in
patients with CRBI-RD illustrate the structural abnormalities in
these patients (Fig. 3). The thickness map of the normal retina,
from the retinal pigment epithelium (RPE) to the inner limiting
membrane, shows some distinctive features (Fig. 3A, left): a
central depression or foveal pit, a surrounding ring of in-
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A KINETIC PERIMETRY
P4, Age 14

P8, Age 19
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creased thickness with displaced inner retinal layers from fo-
veal formation, a decline in thickness with eccentricity beyond
this ring, and a prominent crescent-shaped thickening in the
nasal retina extending into the superior and inferior poles of
the optic nerve, attributable to the converging axons from
ganglion cells. Thickness topography in two representative
CRBI-RD patients (P4 and P12) showed abnormal thickening
(at ages 16 and 28); retinal thickness in the central retina was
>2 SD from normal mean thickness, except at and near the
fovea (Fig 3A, lower right insets; pink is >2 SD, and white is
within normal limits). Vertical cross sections through the fovea
(+£9 mm; total vertical expanse of ~60°) were analyzed in 19
of the 22 patients (data not shown). There was increased
retinal thickness in all but two patients (P7 at ages 26 and 30;
P18 at age 45), thus extending our previous observations in
this population.” We also inquired whether there was a change
in retinal thickness with age. Serial OCTs (across the vertical
meridian, 9 mm from the fovea) were available in five pa-
tients (P2, P4, P7, P8, and P12), each spanning a time interval
of at least 4 years. P2 and P4 showed retinal thickness reduc-
tions between the ages of 12 and 19 years and 14 and 19 years,
respectively. In contrast, P8 and P12 were monitored from
ages 18 to 22 and 26 to 30 years, respectively, and there was no
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lines) compared with normal for rod-
mediated sensitivity to the 500-nm
stimulus (shaded band) and for
cone-mediated sensitivity to the 650
nm stimulus at the cone plateau
(dashed lines). The photoreceptor
mediation at loci with function,
based on the sensitivity difference
between the two colors, is given: C,
cone-mediated.

Normal
650 nm

A 500 nm
00650 nm

decrease in retinal thickness observed. All these patients,
whether they showed progressive retinal thinning or not, con-
tinued to have hyperthickness at later time points. Of interest,
P7, one of two patients with normal retinal thickness, was
monitored between ages 24 and 30 years, and retinal thickness
remained within normal limits at the later time point.
Regions of thickening in CRBI-RD retina, unlike in the
well-laminated normal retina (Fig. 3B, left panel), showed
coarse and abnormal layering® and many intraretinal hyperre-
flective structures (Fig. 3B, right panels). Hyperreflective le-
sions could be different in size and could be found at different
depths from the vitreoretinal surface (Fig. 3B, arrows and
arrowheads). Larger hyperreflective structures could be classi-
fied into at least two types based on OCT appearance: One
type was associated with a shadowing of signal from deeper
layers (Fig. 3B, P8 and P17, long arrows) whereas another type
was associated with no detectable shadowing (P6, arrowhead).
The shadowing features of smaller hyperreflective lesions were
not as certain. Also notable in these scans was the lack of
normal photoreceptor layers; and the regions in the retina
depicted were associated with little or no measurable vision.
We tested the hypothesis that the two types of larger hyper-
reflective lesions were associated with different en face appear-
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FIGURE 2. Longitudinal sequence of visual function in a CRBI-RD patient spanning 11 years. (A) Kinetic perimetry results in P7 at three ages. (B)

Dark-adapted (top) and light-adapted (bottom) static threshold perimetry results displayed as grayscale maps of rod and cone sensitivity loss. Scale
and labels as in Figure 1. (C) Dark-adapted two-color sensitivity profiles across the central 60° in P7 at the three ages. Top: sensitivity to the 500-nm
stimulus compared with normal for rod-mediated sensitivity to this stimulus (shaded band). Bottom: sensitivity to the 650-nm stimulus compared
with cone-mediated sensitivity to the same stimulus at the cone plateau (dashed lines). Top graph: photoreceptor mediation at loci with function:

M, mixed rod (500 nm) and cone (650 nm) function; C, cone-mediated.

ance. OCT scans from nine patients (P2, P4, P5, PG, P10, P12,
P15, P16, and P17) were studied to determine the relationship
between the en face (SLO) and cross-sectional (OCT) image
features. Hyperreflectivity with shadowing was associated with
relatively darker lesions on en face images (Fig. 3C, left). These
lesions are thought to correspond to pigment migration, in-
cluding bone-spicule-like pigment and clumped pigmentary
changes. Scattering and absorbing properties of melanin would
explain the hyperreflectivity and the shadowing. On the other
hand, hyperreflectivity without shadowing was associated with
no apparent lesions or relatively brighter lesions on en face
images (Fig. 3C, right). The basis of these scattering but non-
absorbing OCT features is less clear but could correspond to
focal regions of dysplasia and pseudorosettes. Also notable
were the hyperreflective abnormalities deep in the retina ap-
pearing proximate to the RPE or Bruch’s membrane level of the
scan (Fig 3B, P17, short arrows).

The unusually thickened parapapillary nerve fiber layer, we
previously observed in CRBI-RD patients® and the limited
literature on visual pathway integrity in LCA with known ge-
notype®® prompted study with MR to determine whether the
visual brain is normal in CRB1-RD (Figs. 3D-F). Visual pathway
structures in CRB1-RD patients appeared normal in MR images.
The interpial optic nerve diameter in P8, P12, P11, and P22
(aged 21, 29, 34, and 53, respectively, at the time of the scan)
was normal (Fig. 3D), as defined by measurements from our
normal subjects and published data.*® A voxel-based morpho-
metric analysis'® of the anatomic images obtained from four
CRBI1-RD patients tested whether atrophy was present within
the occipital lobe white matter, as has been noted in patients

with early-onset blindness of various causes.>’ The CRBI-RD
patients fell within the range of control subject data; the
CRBI-RD patient mean, however, was slightly but significantly
reduced in comparison to that of the controls (log Jacobian
[normed]: controls, 0 = 0.03 SEM; CRB1-RD patients, —0.14 =
0.06; t [31 df] = 2.2, P = 0.04 one-tailed), indicating relative
atrophy of occipital white matter structures. The thickness of
the cortical gray matter layer was measured within a striatal
region of interest defined by cortical surface topology.”' In-
creased striatal cortical thickness has been observed in previ-
ous studies of early-onset blindness®>> and attributed to the
failure of developmental synaptic pruning. The gray matter
layer was thicker in CRBI-RD patients than in the controls, but
not significantly so (thickness in millimeters: controls, 1.67 =
0.03 SEM; CRBI-RD patients, 1.87 * 0.12; ¢t [6 df] = 1.7; P =
0.07 one-tailed).

We assessed functional cortical responses to large-field light
stimulation.?® Whole-brain responses in CRBI-RD patients
were of reduced amplitude and spatial extent compared with
those in normally sighted controls (Fig. 3E). Within the poste-
rior visual cortices (Fig. 3F), the volume of activated tissue was
significantly reduced in CRBI-RD patients compared with that
in controls (¢ [6 df] = 5.4; P = 0.002 one-tailed). The four
CRBI1-RD patients, ranked in order of higher to lower activa-
tion volume, were P8, P12, P11, and P22. The severity of
retinal disease expression in these patients at the time of fMRI
was compared by ranking central visual function. A ranking by
visual acuity in the better eye and by dark- and light-adapted
visual sensitivity in the central field mirrored the fMRI results,
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FIGURE 3. Retinal and visual pathway structure in CRBI-RD. (A) Topographical maps of retinal thickness in
a normal 21-year-old subject (lef?) and two patients with CRB1-RD. Traces of major blood vessels and location
of the ONH are overlaid on each map. Pseudocolor scales are shown. Insets in the patient maps, bottom right:
thickness difference maps showing region that is within normal limits (zwhite, defined as the mean * 2 SD, n =
5), or thickened (pink, >2 SD), compared to normal. (B) Cross-sectional OCT images along the horizontal
meridian in the temporal retina in a normal subject (left, age 24) compared to scans from three patients with
CRBI-RD. Arrowbead: intraretinal hyperreflective structures without shadowing. Large arrows: hyperreflec-
tive structures with shadowing. Small arrows: hyperreflective lesions apparently extending from RPE vitread
into the nuclear layer. (C) En face infrared reflectance images compared with OCT cross sections in two
CRBI-RD patients to illustrate the relationship between intraretinal hyperreflective structures, with and
without shadowing, and fundus features. In P12, two pigment clumps correspond to intraretinal hyperreflec-
tive structures with shadowing. In contrast, intraretinal hyperreflective structures without shadowing in P4 do
not correspond to a discrete pigmentary change on the fundus image. (D) High-resolution T,-weighted axial
images obtained through the optic nerves. The cross-sectional diameter of the interpial optic nerve was
estimated at two positions along each nerve (inset, axial image), and the average diameter was within the range
of normal. (E) Cortical (BOLD fMRI) response to light stimulation is shown for normal subjects and CRBI-RD
patients on a digitally inflated right hemisphere. Dark gray: sulci; light gray: gyri. The color scale indicates the
percentage change of BOLD signal in response to light. Activation in occipital visual cortex is seen for both
groups, but is reduced in CRBI-RD. (F) Volume of posterior cortical tissue demonstrating a substantial (2%)
response to light stimulation was significantly greater in controls than in CRBI-RD patients.
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with the least affected being P8 and in order of increasing
visual loss: P12, P11, and P22.

Crb1-Mutant rd8 Mice Show Patchy Dysplasia and
Some Retinal Degeneration

ERG parameters were compared between rd8 and age-
matched WT control mice (Fig. 4A). All rod photoreceptor-
driven ERG parameters, except for the dark-adapted maximum
b-wave amplitude (V,_,,), showed no significant differences
between rd8 and WT for all grouped comparisons. For the
oldest group of mice, V, .. was significantly smaller than WT:
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mean (SD) in 7d8 =180 (75) pV versus 278 (64) wV in WT (P =
0.002). In addition, one to three rd8 eyes in each group
showed responses that fell outside the range recorded in WT
eyes. Cone responses elicited with white stimuli were not
significantly different from WT (Fig. 4A). Further, responses to
UV and green flashes in the light-adapted state did not show
significant mismatches in the 7d8 group when compared to the
WT group (UV-to-green difference: —11.7 [9] wV in rd8, —14.8
[18] wV in WT; P = 0.63), implying normal or near-normal
short-wavelength (S) -and middle-wavelength (M)-sensitive
cone function in 7d8 mice over the age range studied.
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mouse. (A) ERG parameters com-
pared in a cohort of WT and rd8 C
mice of different ages (key for color
coding of ages, right). (B) Dorsal-ven-
tral retinal sections in a 4-month-old
WT mouse (left) compared with that
of a 6.5-month-old 7d8 mouse. To the
right of each full retinal section is a
higher magnification light micro-
scopic image from a location (square
with arrow) inferior to the optic
nerve. Arrows: dysplastic regions in
the rd8 histopathology. (C) Retinal
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sections with different abnormalities
are ordered (left to right) in a pro-
posed disease sequence leading to
the types of dysplastic lesions noted
in 7d8 animals of increasing ages (fop
images). Sections are shown from
one animal at age 10 months (bottom
images) to illustrate that the abnor-
malities can occur within a retina at a
single age.
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Dorsal-ventral histologic sections through the optic nerve
are compared in a WT retina (age 4 months, left) and an rd8
retina (age, 6.5 months, right; Fig. 4B). At low magnification,
patches of dysplasia were present in the inferior (ventral)
retina of the rd8 mouse (arrows). Retinal sections at higher
magnification, from inferior to the optic nerve in the WT and
rd8 retinas, are shown adjacent to the full dorsal-ventral sec-
tions. The WT section shows the normal architecture with
well-defined nuclear layers (GCL, INL, and ONL), synaptic
layers, the photoreceptor inner and outer segments, and the
RPE. In the rd8 section, the laminae were identifiable, but
between the ONL and INL were retinal folds or pseudorosettes,
as documented previously in Crb I-mutant mice.®*33-3® Across
the rd8 section, there was an apparent variation in ONL and
IS/OS thickness.

Sections from the inferior retina of rd8 mice at different
ages suggest a possible sequence of abnormalities leading to
the dysplasia. Impaired adhesion between photoreceptors and
MG cells (due to zonulae adherens junction abnormalities) and
loss of OLM integrity have been shown to be early findings in
rd8 and other CrbI-mutant mouse models (for example, Refs.
9, 33, 34). Displacement of IS/OS material and photoreceptor
cell bodies into the inner retina (Fig. 4C, age 2 months) could
be the result of fragmentation of the OLM and loss of this
normal structural barrier.>” Repair processes that lead to read-
herence of MG and photoreceptor cells have been postulated
to occur,® and this could lead to isolation of the pseudorosette
between INL and ONL (Fig. 4C, 4.5 months). There appear to
be variable numbers and sizes of pseudorosettes (Fig. 4B, right;
Fig. 4C, 4.5 vs. 6.5 months). This variation may relate to the
regional retinal extent of OLM integrity at different disease
stages and the modulation of the fragmentation and repair
processes by unknown factors.>* This sequence of abnormali-
ties displayed in 7d8 mice of increasing age (Fig. 4C, top) was
also found in individual animals (Fig. 4C, lower row). A 10-
month old rd8 mouse, for example, showed, in inferior (ven-
tral) sections, a similar spectrum of results: ranging from (left
to right) no obvious dysplasia, to focal displacement of IS/OS
material into ONL, to a formed pseudorosette, to more exten-
sive or multiple pseudorosettes, to an amalgam of ONL and INL
and retinal degeneration with reduced ONL thickness and
IS/0S.

OCT scans were performed and quantified in 22 rd8 mice
and compared with those in 13 WT mice (Fig. 5). OCT cross
sections were compared to histologic sections (Fig. 5A) from
the inferior retina of WT and 7d8 mice. In the WT histology-
OCT pair (Fig. 5A, left), the vitreoretinal interface was hyper-
reflective, and there were hyporeflective zones that represent
the INL and ONL; the deep complex hyperreflectivity repre-
sents the IS, OS, RPE, and choroid.'® Correspondence between
retinal histology and OCT features has been quantified previ-
ously.'>*%-%° The rd8 OCT sections also have identifiable
vitreoretinal interface hyperreflectivity, INL and ONL hypore-
flective layers, and a deep hyperreflective outer retinal com-
plex. At a presumed early stage of pseudorosette formation
with IS and OS material displaced into the ONL (see Fig. 4C),
there was a hyperreflective region (arrow) with corresponding
thinning of the ONL at that locus (Fig. 5A, middle pair). A more
fully formed pseudorosette between ONL and INL (Fig. 5A,
right pair) is illustrated histologically, and the OCT shows a
hyperreflective region (arrowhead) between the INL and ONL
with surrounding hyporeflectivity suggestive of the dysplastic
lesion.

Representative vertical OCT scans across the ONH showed
that there were hyperreflective abnormalities between the INL
and ONL at all ages studied in the 7d8 animals (Fig. 5B). All 7d8
animals between the ages of 3 and 7 months (z = 11) showed
abnormal hyperreflective structures in the OPL region (arrow-

I0VS, August 2011, Vol. 52, No. 9

heads), and some also had hyperreflective lesions that spanned
the retina from the deep outer retinal complex into the ONL
(arrow). Of the 10-month old rd8 eyes, eight of nine showed
such hyperreflectivity in the inferior retina and four of nine
eyes showed similar abnormalities superiorly. The dramatic
retinal thickening in human CRB1-RD’ prompted us to analyze
retinal thickness in the 7d8 retinas. Retinal thickness measure-
ments of OCT vertical scans from each of three »d8 age groups
did not show remarkable differences compared with WT data
(Fig. 5C). There was a reduction of 7d8 inferior retina thickness
with age, whereas the superior retinas were relatively con-
stant.

Prompted by the relatively normal ERGs in the »d8 mice, we
asked whether there was any evidence of outer retinal abnor-
malities, specifically the IS+OS thickness (Fig. 5D). ONL integ-
rity, compromised by pseudorosette formation, was a less
feasible target for morphometry. We compared IS+OS thick-
ness in rd8 (n = 4, one eye per animal, ages 4 and 6.5 months)
and WT (n = 2, one eye per animal, age 4 months) mice. Eight
histologic sections were used for each eye. Within each sec-
tion, a single pair of measurements was performed at adjacent
locations. In 7d8 eyes, adjacent areas with and without dys-
plastic changes (Fig. 5D, inset) were compared. There was a
significantly thinner IS+OS in dysplastic regions (P = 0.023,
ANOVA), and the mean difference from neighboring nondys-
plastic regions was 5.1 um or 20% (Fig. 5D). There was no
significant effect of age (P = 0.99, ANOVA), and there were no
significant differences between WT eyes and nondysplastic
regions of rd8 eyes (P = 0.73, ANOVA).

DISCUSSION

Human CRBI Phenotype

The cohort of CRBI-RD patients in the present study shared
many features of their retinal degenerative disease, and the
phenotype mainly varied in the degree of severity. Reports of
phenotypic variability in CRBI-RD emphasize differences in
clinical diagnoses (for example, LCA, juvenile-onset RP, or
autosomal recessive RP) and fundus appearance among pa-
tients.® From another perspective, homogeneity of clinical dis-
ease presentation is not the rule in genetically defined auto-
somal recessive disease, even in patients from a genetically
isolated population and from the same family (for example,
Refs. 41, 42). We conclude that patients presenting with an
early-onset presumed autosomal recessive retinal degenerative
disease, retina-wide severe photoreceptor dysfunction by ERG,
hyperopic refractive error, and retinal disorganization and
thickening by OCT warrant consideration of genetic testing for
causative mutations in the CRBI gene.

Our original observation of retinal thickening in CRBI-RD
patients® has been debated*>** and confirmed.® The larger
cohort of patients with OCT measurements and serial fol-
low-up in the present study have led to the finding that two
patients had retinal thickness that was within normal limits and
that there can be retinal thinning with age in some patients.
Those with documented progressive thinning were younger
patients, but they continued to have hyperthick retinas at last
measurement. The basis of the retinal thickening, which has
now been documented in other forms of LCA (for example,
Refs. 26, 45, 46) is uncertain, but a parsimonious explanation
may be that it is an exaggerated remodeling process in some
individuals. Given the MG cell defect in CRB1 disease® and a
possible proliferative response to early photoreceptor loss, this
is plausible. Thinning may be part of the process of contraction
of the MG reaction into a scar, as described in animal models.*”

The pattern of visual field loss in CRBI-RD patients has not
received much attention in earlier reports of phenotype. We
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FIGURE 5. OCT analysis of the retinal abnormalities in 7d8 mice. (A) Histologic and OCT sections in WT (left) and rd8 (middle and right) retinas to
illustrate the relationship between the different modalities of determining laminar architecture and how abnormalities would appear with noninvasive
optical imaging. Left: a 4month-old WT retina histology section is compared to a 5-month-old WT OCT scan; midedle, a 10-month-old 7d8 histology section
is compared to a 10-month-old OCT image from another 748 animal; right, 6.5-month-old 7d8 histology section is compared to a 7-month-old 7d8 OCT
scan. (B) Representative OCT scans across 3 mm of retina centered at the ONH, to illustrate detectable abnormalities, such as focal hyperreflective lesions
at the level of the OPL (arrowbeads) and deeper retinal hyperreflective lesions extending into the ONL (arrows), in the rd8 animals. (C) Dorsal-ventral
OCT sections quantified for retinal thickness in three different age groups of 7d8 mice. In the 3- to 5-month-old age group, 12 rd8 eyes were analyzed;
in the 7-month-old group, 7 eyes; and in the 10-month-old group, 9 rd8 eyes. Shaded bands: the mean *2 SD of retinal thickness in WT eyes (n = 20,
ages 3- 8.5 months). Data over this age range were grouped together based on linear regression analyses performed between retinal thickness and age
at four selected locations (0.5 mm and =1 mm from ONH); slopes of the regression analyses were not significantly different from 0. (D) IS+OS thickness
measurements in regions of dysplasia in 7d8 histologic sections are compared to adjacent nondysplastic regions (see inset for location of samples) for rd8
mice (two animals each, 4 and 6.5 months old), and in similarly located regions in two WT mice (gray bars). Error bars, +2 SD.
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observed persistent peripheral visual function, even at rela-
tively late disease stages when central vision is severely af-
fected. The evidence of acceleration by exposure to light of the
disease progress in Crb1-mutant mice®*3% provokes the hy-
pothesis that far peripheral islands may be in the shadow of the
ciliary body, and this may help explain their persistence in
human CRBI-RD. The present study of the visual pathways in
CRBI-RD is the third study in LCA patients of known geno-
type.?**® In CRBI-RD patients, cortical responses to light were
reduced and confined to early visual areas compared with
those in controls. A similar attenuation of extrastriate cortex
was reported in a patient with early anterior segment dam-
age.* This reduction in CRBI-RD patients contrasts with the
relative preservation of functional responses in patients with
RPEG5-LCA.?® Differential impairments in CRBI-RD retinal
function or developmental changes to visual cortex could ac-
count for this finding. The results suggest that more LCA
patients of known genotypes should be similarly evaluated,
considering the increasing interest in treating early-onset blind-
ing retinal diseases.

Dysplasia in Mouse and Man: Similar
or Different?

The retinal histopathology in rd8 mice of different ages (up to
10 months) led to our suggestion of a sequence of abnormali-
ties in laminar architecture. These observations confirm and
extend those in previous reports of CrbI-mutant mice.>*>>
The disease sequence could be found, not only in animals of
increasing ages, but also within the retina of the same animal.
There was regional retinal predilection for the dysplasia, the
inferior retina, but there were also adjacent regions in the
inferior retina of normal appearance.®”>>3% The retinal disor-
ganization in Crb1 deficiency is thought to begin from defects
in the OLM, leading from adhesion abnormalities between MG
cells and photoreceptors.’®>! Inner and outer segment mate-
rial can be seen extending vitread beyond the OLM and into
the ONL. Isolated or multiple pseudorosettes are identifiable
between the ONL and INL, and there can also be regions in
which ONL, pseudorosettes, and INL appear intermingled with
poorly defined boundaries between laminae. At this stage of
the process, the ONL is thinned, and IS+OS length is reduced.
Our cross-sectional histopathology data suggest that this pro-
cess is a dynamic one, but it is unknown why it occurs at
certain retinal sites and at certain times in the life of an animal
but not others. Evidence has been provided for acceleration
but not induction of the process by light, for dependence on
genetic background, and for the possibility that there are con-
tinuous repair processes and glial activation and scarring, mak-
ing any simple interpretation of the disease sequence more
complex.8’9’33’34’56

Is there a relationship between dysplasia and degeneration
in the rd8 mouse? Despite the retinal disorganization, ERG
measures of retina-wide function, including photoreceptor
(a-wave) responses, were generally normal. We compared the
IS+OS length in delaminated retina and adjacent normal-ap-
pearing retina in the same animals. Of interest, the well-lami-
nated retinal regions had IS+ OS length that was within normal
limits compared to age-matched control animal data from com-
parable regions of the inferior retina. The retinal regions with
dysplasia (excluding areas with IS/OS material beginning to
extend into the ONL that lead to artifactual measurements) had
measurable but significantly reduced IS+OS length. This asso-
ciation of reduced IS+OS length with dysplastic regions sug-
gests that retinal degeneration is a consequence of the disor-
ganization. The patchy nature and altitudinal (inferior) retinal
location of disorganized retina most likely explains why the
ERG remains normal in most animals, with retinal function
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deriving from normal patches and functioning, albeit abnor-
mal, dysplastic retina. We tested the hypothesis that the higher
S-cone content of the inferior retina reveals a relative decrease
in S-cone versus M-cone function in 7d8,>* but there was no
such inequality of cone results.

A prominent difference between the human disease and the
mouse model is the early and severe loss of retinal function in
CRBI-RD compared with the near-normal retinal function in
rd8 mice. This functional difference is understandable in rela-
tion to retinal morphology. Human CRBI-RD retinas with
mainly nondetectable ERGs and extensive midperipheral sco-
tomas are coarsely thickened and delaminated without measur-
able ONL or IS/OS in extracentral regions, whereas rd8 mice
retain mainly normal retina in the superior retina and inferior
retinal patches of normal or abnormal (but detectable) photo-
receptor structure. At the ages we studied, the 7d8 mice did
not manifest increased retinal thickness by OCT. Characteriza-
tion with histopathology and OCT of the various lesions in the
rd8 retina also permits some further comparisons with human
CRBI-RD. The human disease showed abnormal hyperreflec-
tive lesions of various sizes and retinal depths in regions of
thickened, nonseeing retina. These hyperreflective lesions
show some resemblance to those in 7d8 retinas and thus may
represent images of pseudorosettes, as has been suggested for
another retinopathy with this pathologic pattern.>? Alterna-
tively, they may be examples of the common pigment migra-
tion into the inner retina that occurs in various retinal degen-
erations.>>>* Our sampling of OCT scans and en face images in
CRBI-RD patients indicated that the larger intraretinal hyper-
reflective OCT lesions with shadowing of signal from deeper
layers did co-register with pigmentary changes visible on en
face images. Hyperreflective structures without shadowing
were not related to pigmentary change and raise the suspicion
that there may be pseudorosettes in human CRBI-RD. Of
interest, a human donor eye with a molecularly undefined
retinal degeneration did show pseudorosettes.>® Evidence
from the present study is provocative but not sufficient to
determine whether the dysplastic lesions in the Crb1-deficient
mice have a correlate in the human disease.

Implications for Therapeutic Intervention in This
Form of LCA

The residual peripheral islands detected in most of the
CRBI-RD patients, even in later stages of the disease, provide
a target retinal region for treatment that would be inclusive of
clinical diagnoses from LCA to RP. If the islands were able to
persist longer or there was an increase in rod and/or cone
sensitivity within them, it would make a major positive differ-
ence to the mobility of these patients. Our 7d8 observation of
a sequence leading from dysplasia to degeneration prompts the
speculation that this sequence may also be occurring in the
human disease, albeit slower and with a different regional
retinal predilection. A therapy would seek to interrupt the
sequence so that the remaining peripheral (and central) retina
does not progress to degeneration. The MG cell, specifically
the subapical region, is the main site for Crb1,”°° whereas
other members of the Crumbs protein complex are in both
photoreceptor and MG cells. Whereas gene delivery to RPE
cells via subretinal injection has been accomplished in human
participants in clinical trials of one form of LCA (reviewed in
Ref. 10), MG cells may be the targets for gene augmentation in
CRBI-RD, and this could be accomplished by an intravitreal
approach (for example, Ref. 56).

Given a potential therapeutic strategy in humans with
CRBI-RD, we asked whether the rd8 mouse, which derives
from a spontaneous frameshift mutation in Crbl causing a
premature truncation, is a sufficiently faithful replica of the
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human disease to proceed to proof-of-concept studies. The
constantly evolving and not apparently predictable foci of
dysplastic disease, the large regions of apparently unaffected
superior retina, and the lack of impact on photoreceptor func-
tion and structure (in the first 10 months of »d8 life) suggest
rd8 would not produce the type of outcomes that could be
readily assayed for treatment effects. The same is generally true
of the two other mouse models explored to date: Crbl ™/~
knockout and Crb1?**"/~ knockin mice.®%3% It is of interest
that preliminary reports of double-knockout mice (Crb1 and
Crb2) show a more severe phenotype and retina-wide disease
distribution, indicating that there may be overlapping func-
tions of some members of the Crumbs protein complex in the
mouse retina but possibly not in the human one (Pellissier L, et
al. IOVS 2011;52:ARVO E-Abstract 4339).
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